Cerium (IV) oxide (CeO 2 ), samarium (Sm) and gadolinium (Gd) doped CeO 2 nanoparticles were prepared using microwave technique. The effect of microwave irradiation time, microwave power and pH of the starting solution on the structure and crystallite size were investigated. The prepared nanoparticles were characterized using X-ray diffraction, FT-Raman spectroscopy, and transmission electron microscope. The photocatalytic activity of the as-prepared CeO 2 , Sm and Gd doped CeO 2 toward degradation of methylene blue (MB) dye was investigated under UV light irradiation. The effect of pH, the amount of catalyst and the dye concentration on the degradation extent were studied. The photocatalytic activity of CeO 2 was kinetically enhanced by trivalent cation (Gd and Sm) doping. The results revealed that Gd doped CeO 2 nanoparticles exhibit the best catalytic degradation activity on MB under UV irradiation. For clarifying the environmental safety of the by products produced from the degradation process, the pathways of MB degradation were followed using liquid chromatography/mass spectroscopy (LC/MS). The total organic carbon content measurements confirmed the results obtained by LC/MS. Compared to the same nanoparticles prepared by another method, it was found that Gd doped CeO 2 prepared by hydrothermal process was able to mineralize MB dye completely under UV light irradiation.
INTRODUCTION
During the dyeing process, about 15% of the total world production of dyes was lost and released to the textile effluents. It is a great danger to release these colored contaminated waters to the ecosystem which is considered to be a spectacular source of non-aesthetic pollution, eutrophication and perturbations in aquatic life (Campbell ) . Especially in the third world, the purification of wastewaters containing dye is considered to be one of the most important and growing environmental problems. Conventional treatment methods of the wastewater as chemical coagulation or adsorption mount and duplicate the problem because they convert the dyes from the liquid to the solid phase which needed further treatment and added to the cost (Kim et al. ) . Heterogeneous photocatalysis is considered to be one of the newest oxidation methods or advanced oxidation process used to complete mineralization of the most organic pollutants without further treatment (Comninellis et al. ; Oller et al. ) .
In the last few years, nanosized semiconductors such as ceria (CeO 2 ), titanium dioxide (TiO 2 ), zinc oxide (ZnO), ferrites, etc., have attracted much attention in photo-catalytic degradation of organic pollutants in water and air (Zhang et al. ; Khedr et al. ; Dutta et al. ; Pourmoslemi et al. ) . In particular, nanosized pure and doped ceria have attracted much attention with respect to the wastewater dye removal and the degradation of other organic pollutants (Zhong et al. ) . Doping the semiconductors with nanosized metals or metal oxides was proven to accelerate the degradation kinetics of the organic pollutant. The more photocatalytic behavior enhanced, the more UV irradiations captured by the catalyst and hence more electrons and holes are produced at the catalysts' interface. These electrons and holes are the main species used to mineralize the pollutants. Many researchers showed that the photocatalytic process is a function of the structure and the oxygen surface lattice of CeO 2 (Zhou et al. ; Zhang et al. ) . Nanosized Au/CeO 2 and Au/CeO 2 -Fe 2 O 3 catalysts were catalytically tested for the oxidation reactions of CO and benzylamine (Sudarsanam et al. b) . The presence of smaller Au particles was found to be the key factor for the observed high catalytic efficiency of the Au/CeO 2 -Fe 2 O 3 sample. Ce-Sm/SiO 2 catalyst was selected for an aerobic oxidation process of various benzylamines under ecofriendly conditions. The Ce-Sm/SiO 2 catalyst showed almost 100% benzylamine conversion after 6 h (Sudarsanam et al. a). Sudarsanam Putla et al. (Putla et al. ) studied the catalytic performance of CeO 2 nanocubes and MnO x /CeO 2 heteronanostructure towards diesel soot oxidation and continuous-flow benzylamine oxidation. The MnOx/CeO 2 have been found to exhibit a remarkable catalytic performance compared to that of pure CeO 2 nanocube.
The current work aimed to prepare CeO 2 , Sm and Gd doped CeO 2 nano-particles using microwave irradiation technique at different conditions and its usage as a catalyst for methylene blue (MB) degradation. The powders have been characterized and the doping effect on structure and photocatalytic performance has been estimated. The degradation pathway and the safety margin of the degradation products were investigated.
EXPERIMENTAL Chemicals
Cerium nitrate (Ce(NO 3 ) 3 ·6H 2 O), gadolinium (ІІІ) acetate (Gd (CH 3 COO) 3 .xH 2 O), samarium (ІІІ) nitrate (Sm(NO 3 ).6H 2 O) and sodium hydroxide (NaOH) solutions are the starting raw materials of the synthesis process.
Samples preparation
In a typical experimental a solution of (0.2 M) cerium salt was prepared in 100 mL distilled water. Then, NaOH (6 M) solution was added drop by drop under stirring up to 30 min until complete precipitation of cerium hydroxide. After that, pH value of the solution was adjusted at different values (9, 10 and 11) by drop wise addition of NaOH solution (0.1 M), the slurry formed was heated using a kitchen microwave (Black and Decker 900 W) for different time intervals (3, 5 and 7 min) and the output power was adjusted at different values (50, 80 and 100%) where 100% power equals 900 W. Finally, the precipitated particles were filtered, washed, dried, and calcinated in a muffle furnace at 700 W C for 2 h.
In order to prepare Gd or Sm doped CeO 2 nano-particles, specific concentration of gadolinium (ІІІ) acetate (0.008 M) or samarium (ІІІ) nitrate (0.008 M) was mixed with cerium nitrate solution before precipitation as described before. Compared to the same material (Gd doped ceria) prepared by another method (hydrothermal method), a solution of (0.216 M) cerium nitrate was prepared in 50 mL distilled water and another solution of (0.008 M) gadolinium acetate was prepared also in 50 mL distilled water. Then the two solutions are mixed and allowed to stir. NaOH (6 M) was added drop wise into the mixture under vigorous stirring for 30 min until complete precipitation to form the corresponding hydroxides. The solution was transferred into Teflon lined autoclave and the temperature was fixed at 160 W C for 18 h.
Then, precipitate was filtered, washed, dried and finally calcinated at 600 W C for 3 h. The prepared sample is donated as nano-sized Gd doped ceria.
Characterization
The microstructure of the as-synthesized particles was examined using transmission electron microscope (JEOL-JEM 2100, Japan) with an acceleration voltage of 200 KV. Phases identification and crystallinity were analyzed by X-ray diffractometer (PANalytical, Empyrean, The Netherlands) using CuKα radiation ( 
Photocatalytic activity
The photocatalytic performance towards MB decomposition was followed under UV irradiation at 298 K. A certain amount (0.1 g) of the prepared catalysts was added to 100 mL of 1.7 × 10 À6 (M) MB solution and were left for 30 min in dark. Then, a UV light source of high intensity (VILBER LOURMAT-6 LC model) used with its unique filter, which minimizes the emission of disturbing white light so that even weak fluorescent signals can be detected. The UV light source was adjusted at a wavelength of 254 nm and fixed vertically on the reaction vessel at a constant distance equal 15 cm. For following MB concentration change, 1 mL of the sample solution was withdrawn from the reaction medium at specific time intervals, measured at the characteristic absorption (662 cm À1 ) using UV-Vis spectrophotometer (UV-Vis JASCO 530).
For studying the effect of pH, MB solution was adjusted at different pH values (5, 7 and 9) before starting UV irradiation. The effect of dye concentration was investigated by using different dyes concentrations (1.7 × 10 À8 , 1.7 × 10 À7 and 1.7 × 10 À6 M). The effect of catalyst was clarified by using different weights of catalyst (0.05, 0.1, and 0.15 g) for the degradation process.
RESULTS AND DISCUSSION
Powder X-ray diffraction studies X-ray diffraction (XRD) patterns of CeO 2 nano-particles prepared at different irradiation times (3, 5 and 7 min), at constant solution pH (∼11) and microwave power (900 W) were shown in Figure 1 (a)-1(c), respectively. Pure cubic fluorite crystal phase of CeO 2 was obtained in all samples and no secondary phases were detected. The average crystal size for the prepared nanoparticles was calculated using Scherrer's equation (Equation (1)
where D is the average crystallite size, λ is the radiation wave length, β is the corrected full width at half maximum of the diffraction peak and θ is the diffraction angle. It was found that with increasing the reaction time from 3 to 7 min, the average crystallite size was slightly increased from 13 to 15 nm, respectively, which was attributed to the crystal growth of the ceria particles by increasing the reaction duration according to the dissolution-precipitation mechanism (Liu et al. ) . Moreover, during cerium hydroxide complex formation the average diffusion distance for the diffusing solute is short and much diffusing material passes per unit time through a unit area. Hence, the average dimension of crystallites depends on time (Zhang et al. ) .
The XRD patterns of CeO 2 nanoparticles prepared at different pH values (9, 10 and 11) at constant time (5 min) and microwave power (900 W) are represented in Figure 1 (d), 1(e) and 1(b), respectively. It is clearly seen that the major peaks at 28. 5, 33.1, 47.5, 56.3, 59.1 and 69.4 W , which are indexed to the (111), (200), (220), (311), (222) and (400) planes of the cubic crystalline phase of CeO 2 with space group Fm-3m (225) according to the ICDD card no. (01-075-8371). It was revealed that as the pH value of the solution was raised from 9 to 11, the average crystallite size was increased from 15 to 29 nm, respectively. Additionally, CeO 2 nanoparticles prepared at different microwave powers (50, 80 and 100%) under constant solution pH (∼11) and irradiation time (5 min), XRD patterns are shown in Figure 1 (f), 1(g) and 1(b), respectively. All peaks were attributed to the cubic fluorite phase of CeO 2 (ICCD card no. (01-075-8371). As seen, intensities of the XRD peaks were different; indicating that the degrees of crystallinity were strongly affected with microwave power. The disappearance of some planes is due to the nanometric size of the obtained powder. The peak positions shift to either lower or higher angle side depending on the preparation condition (microwave power, pH and time). It indicates that the lattice spacing ascribed to the peaks is also varied.
The lattice parameter was calculated from Equation (2
where d is the lattice spacing, a is the lattice parameter and (hkl) are the Miller indices. The values of the lattice parameter are reported in Table 1 . As the prepared CeO 2 nano-particles have cubic face-centered cubic (fcc) fluorite structure, each cerium cation is coordinated to eight equivalents nearest oxygen anions at the corner of a cube, each anion being tetrahedrally coordinated by four cations. One could imagine this structure by drawing cubes of oxygen ions at each corner reveals the eightfold cubic coordination of each cerium, which ultimately occupies the cube center. Accordingly, large vacant octahedral holes in the structure are generated, which will be a significant feature when movement of ions through the defect structure is taken into consideration. The effect of Sm or Gd doping into the CeO 2 lattice were checked by XRD as shown in Figure 1 (h) and 1(i), respectively. The results revealed that no other interfering peaks for the impurities were detected belonging to the gadolinium oxide or samarium oxide. But the rare earth doping resulted in a slight lattice decrease in case of Sm while a lattice expansion is observed for the Gd doped ceria ( Table 1 ). The ionic radii (Shannon ) difference is thought to be one plausible reason for the change in the lattice parameter. The Sm 3þ ion of smaller radius (1.079 Å) could replace the Ce 3þ (1.143 Å) with larger one, thereby decreasing the lattice parameter. In case of Gd 3þ ion doping, its ionic radius (1.05 Å) is larger than that of Ce 3þ (1.143 Å). We expected that oxygen deficiency here contribute with a major role in the increase of the lattice parameter. The ionic radius (1.143 Å) of Ce 3þ is higher than that of Ce 4þ ion (0.97 Å) in 8-f coordination; that leads to distortion of the crystal lattice and results in the change in Ce-O bond length. The situation here is the expected oxygen deficiency led to the decrease of the number O 2À anions from eight to seven. In other words, lowering the coordination number results in the generation of more Ce 3þ ions into the crystal lattice. Consequently, 7-f coordination ionic radii is the interpretation of the increase in (a) in case of Gd, where it has (1 Å) as compared to (1.07 Å), while the Ce 4þ has (0.87 Å).
Raman spectroscopy analysis
Raman spectra was used for doping confirmation, as presented in Figure 2 . Pure CeO 2 displayed the distinct Raman peaks at 450-470 cm À1 corresponding to the allowed Raman mode (F 2g ) of fluorite metal dioxides belonging to the O 5 h (Fm3m) space group (Francisco et al. ; Wu et al. ) , which confirms the formation of the polygonal fluorite phase. Moreover, the Raman spectrum was symmetric around 464 cm À1 and the F 2g mode corresponded to the symmetric vibration of oxygen ions around Ce 4þ ions. In the samarium and gadolinium doped CeO 2 , the F 2g band became asymmetric and slightly shifted to low frequencies. More disordered structures and boundaries were composed of smaller crystallites compared with pure ones owing to the unit cell variation.
Electron microscope examination
The effect of microwave power on the morphology of the ceria particles is seen in Figure 3 . Transmission electron microscope (TEM) micrographs of CeO 2 nanoparticles synthesized at 3, 5 and 7 min at constant solution pH (∼11) and microwave power (900 W) are shown in Figure 3 (a)-3(c), respectively. It is clearly seen that when cerium hydroxide solution was heated by microwave irradiation for 3 min, undefined cubic shape with agglomeration of the particles were obtained as well as few and short rod like structures were observed (Figure 3(a) ). By subjecting the sample solution to longer microwave irradiation time (5 min), the particles became more dispersed, more homogenous and the rod-like structure was increased in length and number (average length about 40 nm) as in Figure 3(b) . With further increasing the microwave irradiation to a longer time (7 min), the rod length structure was increased to approximately 46 nm and the particles seem to be well-dispersed and homogeneously distributed (Figure 3(c) ). Here, one could argue that the aspect ratio of the nano-rods as well as their distribution could be controlled by tuning the irradiation time.
For the ceria particles prepared at different pH values (9, 10 and 11), it is clear that CeO 2 nano-particles synthesized at lower basic pH value (∼9) of clear cubic shape with defined boundaries average size about 12.5 nm in diameter (Figure 3(d) ). While, with increasing the starting solution pH to high basic value (∼10), all particles have cubic structure with average particle size 10.5 nm (Figure 3(e) ). With further increasing in pH (∼11), two different shapes were observed (cubic and rod-like), with average length of 40 nm (Figure 3(b) ). The growth mechanism of the synthesized CeO 2 nanocrystals is perplexing. Possible mechanisms that the pH value during Ce 3þ /Ce 4þ oxidation under vigorous stirring plays a key role in determining the preferred mechanism (Feng et al. ).
The ceria nanoparticles prepared at different microwave power (50, 80 and 100%) at constant irradiation time (5 min) and at highly basic pH value (∼11). The particle size and the morphology were affected (Figure 3(f) , 3(g) and 3(d)). Also, it is clearly seen that as the microwave Water Science & Technology | 74.10 | 2016 power was raised, two different shapes were observed (cubic and rod-like nano-structures). Figure 3 (h) and 3(i) shows the TEM micrographs of Sm and Gd doped CeO 2 , respectively. Gd and Sm nano-particles played an important role to inhibit the rod-like structure growth and only one particle shape was formed with high degree of homogeneity and particle size reduction (Li et al. ) . The mechanism of nano-rods formation by changing the time, power and the pH factors revealed to the self-assembly super-aggregates mechanism. The unit of building up nano-rods did not originate from one single crystal but, rather, nano-crystallites (Kuiry et al. ) .
The percentage of gadolinium and samarium have also been confirmed by energy dispersive X-ray (EDX) analysis and is shown in Figure 4 (a) and 4(b), respectively. The spectrum exhibits signals corresponding to Ce, Gd, Sm, and O. EDX analysis results nearly the same atomic percent used. The nominal composition is in good agreement with the chemical one.
Photo-catalytic activity
The photo-catalytic activity of the ceria nanoparticles, Sm and Gd doped ceria were investigated. We studied the degradation activity of the particles prepared at high pH (∼11) and high power (900 W) for 5 min. MB dye was used as a model reaction to investigate the photo-catalytic activity of the prepared particles under UV light. In the absence of catalyst, test experiments were conducted and it was found that slightly change in MB concentration was occurred. With the presence of nanoparticle catalysts under UV light, MB dye was completely decomposed after 23 h when pure ceria was used, after 16 and 14 h when Sm and Gd doped CeO 2 were used, respectively ( Figure 5 ). Gd-doped CeO 2 showed faster photo-catalytic activity than CeO 2 and Sm doped CeO 2 nanoparticles were prepared at the same conditions.
There are two proposed mechanisms for the catalytic degradation of MB dye in presence of CeO 2 or doped ceria nano-particles under UV radiation: firstly, the UV light excite the valence band electrons across the band gap into the conduction band, leaving holes behind in the valence band that will then react with water molecules or hydroxide ions (OH À ) to produce hydroxyl radicals (OH • ). The later are responsible for the degradation process of MB (Rauf & Ashraf ) . Secondly, it is well known that metal oxide nanoparticles synthesized via chemical bath have plenty of oxygen vacancies in their grown structure. These vacancies are the main source of adsorption of water molecules. Oxygen atom creates two bridging hydroxyl groups per initial vacancy as a result of proton transfer to the water molecule. Therefore, oxygen vacancies in the ceria lattice are considered to be active sites for water dissociation. The reasons for the large reactivity of the vacancies revealed to the high energetic defects (Fabris et al. ; Reed et al. ) . It is well known that the doping increase the lattice free electrons and holes, many hydroxyl ions will interact with the new formed holes, increasing the degradation rate of MB. The rate of the photo-degradation of MB not only depends on the lattice free radicals but also on the morphology and the crystallinity of the prepared samples. TEM micrographs of Gd doped CeO 2 , as described previously, illustrated that all samples have more dispersed structure and nearly all particles have cubic structure. It has been proven that nano-cube like morphology and good crystallinity are favorable for the diffusion and separation of photo-excited charge carriers affecting greatly the rate of photodegradation of MB. Gd doped CeO 2 revealed the best catalytic degradation effect on MB due to its nano-cube like morphology (Na et al. ) . Doping ceria enhanced its reactivity is a common assumption, but is not usually correct. However, Sm is considered to be the largest rare earth ions that increased the ionic conductivity of ceria, its catalytic reactivity not only depend on the amount of free charge carries produced by doping but also on what the reactant is. For example, Sm doped ceria with methane and ethane showed very different catalytic results compared to propane and n-butane (Arabaci ). Doping with Gd shows higher catalytic activity than Sm, this is due to the oxygen deficiency lead to the decrease of the number O 2À anions from eight to seven, as discussed previously.
Pseudo-first-order kinetic model was used to determine the kinetics of the reaction. The kinetic of MB dye degradation in aqueous solution under UV light irradiation was investigated and the results were shown in Figure 6 . It is noted that the plot of ln(C o /C t ) versus illumination time represents a straight line and the slope of linear regression can be equal to the apparent first-order rate constant (k) in agreement with a generally observed Langmuir-Hinshelwood kinetics model (Kumar et al. ) .
where R is the degradation rate of the reactant (mg/min), C is the concentration of the reactant (mg/L), t is the illumination time, k is the reaction rate constant (mg/min) and K is the adsorption coefficient of the reactant (L/mg). This equation may be simplified to:
Effect of solution pH
It is well known that the photocatalytic degradation is a pH dependent phenomenon because the adsorption capacity of dyes over the photo-catalyst surface is greatly affected by the medium. The effect of pH on the photocatalytic activity of Gd doped CeO 2 nano-particles was studied for MB (1.7 × 10 À6 M). Drop wise addition of 0.1 M HCl and/or NaOH was used to adjust the pH of the solution at the desired value (5, 7 and 9). The rate of degradation at different pH solutions is shown in Figure 7 . The results showed that the maximum degradation efficiency was obtained at higher pH value (∼9). As the pH of the solution was increased, more hydroxyl ions were obtained, which are ready to interact with the positive holes for more hydroxyl radicals yield.
Effect of initial MB concentration Figure 8 shows the effect of initial MB concentration on the degradation rate using 0.1 g Gd doped CeO 2 catalyst. The rate of photo-degradation decreased with increasing the dye concentration. The main factor responsible for the decrease in degradation efficiency is the proportional increase in the number of dye molecules adsorbed on the surface of the catalyst, which limits the number of active sites generating hydroxyl radicals. Moreover, at higher dye concentrations, the light trapped by the dye molecules leads to a decrease in the number of photons that reach the catalyst surface.
Effect of catalyst concentration
The degradation efficiencies of 1.7 × 10 À6 M of MB under UV irradiated using different concentrations (0.05, 0.1 and 0.15 g) of Gd doped CeO 2 were illustrated in Figure 9 . It is clearly seen that the photo-degradation efficiency of MB increased at highest photo-catalyst content (0.15 g). This result may be attributed to the large number of available active sites which are ready to adsorb more and more dye molecules.
Catalyst reusability
Gd doped CeO 2 efficiency was validated by mean of accuracy and precision as repeatability and reusability. The reusability is considered to be one of the most important issues in the photo-catalysis. In the present work, five replicates standard solutions of MB dye were degraded under the same experimental conditions (0.1 g of catalyst under UV irradiation). After each cycle, the catalyst was filtrated, washed with water and dried at 100 W C for 2 h. The cycling performance of Gd doped CeO 2 for degrading MB solution is shown in Figure 10 . Clearly observed was 17.5% reduction in degradation efficiency after five cycles. This result exhibits excellent reusability of the nanoparticles under investigation meaning reduction of the dye removal cost.
Identification of photo-degradation intermediate products
Although the color removal of the dye is an important step in the degradation process, determining the degradation pathway is very complicated and requires a large number of measurements in order to identify a reasonable number of chemical species and other by products.
In-situ photo-catalytic degradation of the organic pollutant using nano-particles must consider the reaction products formed. This is due to a reaction product more toxic than the parent compound, and thus increases the risks posed by the site rather than decreasing them. We identified the degradation products of the photo-catalytic process at different time intervals ( Figure 11 ). Experimental data imply that, by the end of the irradiation time, the dye solution was significantly decolorized or degraded. This data revealed that MB peak intensity was decreased and new peaks were detected at lower molecular weights (m/z ratios) corresponding to the new products formed from the degradation process. The degradation pathway of the dye may possibly be suggested by the qualitative analysis of the samples studied by LC/MS before and after degradation. The mass spectra of MB dye and its degradation products (before degradation, after 5, 10 and 15 h) are shown in Figure 11 (a)-11(d), respectively. It has been assayed to identify the main aromatic metabolites resulting from MB degradation process. They are schematically presented in Figure 12 , where they are logically founded according to the decrease in their molecular weight. Many peaks of different intensities and molecular weights were observed in addition to the main peak of MB dye, which indicate the variation in the composition and concentration of the degradation products. By studying some of these intermediate masses according to the cleavage of one or more of the methyl group substituent on the amine groups, lead to intermediate products that agree in their masses with the eluted intermediates. At the final stage of the decomposition (after 15 h), all the decomposition products remained in the solution and all of their peaks could be estimated. We can conclude that, in spite of Gd doped ceria prepared by microwave method can decolorize MB solution, the degradation product is a smaller molecular weight pollutant which needs further treatment. The change in MB concentration was recorded following the UV irradiation time using Gd doped ceria catalyst prepared by hydrothermal method. The results obtained indicate that the catalyst has the ability to decompose MB completely after 9 h under UV light irradiation (see Figure 5 ). It was found that the hydrothermally prepared catalysts has high catalytic rate and can completely degrade the MB solution to carbon dioxide and water if compared with that prepared by microwave method (Figure 13) .
The total organic carbon (TOC) measurements were used to determine the quantity of organic carbon in the solutions of MB dye before and after degradation. The agreement between TOC results and LC/MS chromatograms of the MB after degradation confirmed the by products of photo-degradation process. The TOC concentration was measured for MB solutions degraded by Gd doped CeO 2 for 14 h under UV irradiation (Table 2) . It was clearly seen that about 86.6% and 99.6% of MB dye undergo degradation in case of microwave and hydrothermally prepared catalyst, respectively.
CONCLUSION
Nano-sized CeO 2 particles were successfully fabricated via microwave technique. CeO 2 nano-particles were successfully doped with trivalent rare earth ions (Sm and Gd) via the same method. Microstructure and particle shape analysis of the prepared nanoparticles were analyzed using TEM. The particle shape was affected by different factors such as pH, microwave irradiation time and power. The prepared nano-particles were used as a photo-catalyst for the degradation of MB dye under UV light. The obtained results reflected the excellent efficiency of the Gd doped CeO 2 nano-particles as a photo-catalyst for MB degradation. The degradation pathways and the safety MB degradation were followed. Gd doped ceria nano-particles prepared via microwave method were able to oxidize MB dye to other smaller products. While it is unable to complete MB decomposition to safe products. 
